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Abstract
Methicillin-resistant Staphylococcus aureus (MRSA), one of the major pathogens in humans, is a cause of infection and colonization among
animals. The increasing number of companion animals and antibiotic use have made this population a reservoir of MRSA. In parallel, the
evolution of new MRSA clones and mec homologues among animals of the food chain has emphasized the need for infection control
practices in animals and humans in close contact. On the basis of a review of the literature, epidemiological and evolutionary data for
MRSA infections and carriage, risk factors and control strategies are presented.
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Staphylococcus aureus is one of the most virulent and thus
dangerous pathogens for humans [1]. It is the causative agent
of a variety of deep-seated invasive and toxin-mediated dis-
eases, as well as superficial infections [1]. This broad range
of clinical syndromes results from a variety of extracellular
components, including surface proteins, capsule, biofilm for-
mation, enzymes, and toxins [1,2]. Additionally, MRSA has
the capacity to acquire antibiotic resistance determinants,
with the main step being the development of resistance to
b-lactams, first by b-lactamase production and then by the
acquisition of mec determinants [1]. Methicillin-resistant
S. aureus (MRSA) was first identified in the UK, and was then
recognized as a hospital-associated pathogen worldwide
(hospital-associated MRSA (HA-MRSA)) [3–5]. Molecular
analysis has so far revealed 11 staphylococcal chromosomal
cassettes (SCCs) (SCCmec types I–XI) carrying mecA or
mecA homologues that encode the modified penicillin-binding
protein, PBP2a, associated with clones of human or animal
origin [5–8]. Different SCCs have incorporated several addi-
tional antibiotic resistance genes, but the smallest ones (type-
s IV and V) include only mecA [6–9]. MRSA express
resistance to multiple antibiotics, such as tetracyclines, fusidic
acid, fluoroquinolones, macrolides, lincosamides, aminoglyco-
sides, and glycopeptides [10,11]. Resistance development has
been shown to be associated with antibiotic use in humans
and animals [9,11].
During 1997, the first reports of MRSA infections among
individuals without previous predisposing risk factors were
published, and since then community-associated MRSA (CA-
MRSA) infections and outbreaks have been reported
throughout the world [11]. Molecular epidemiology has
revealed differences between HA-MRSA and CA-MRSA, such
as resistance determinants, SCCmec types and clonal
complexes (CCs) identified by multilocus sequence typing
(MLST) or spa typing [11,12]. The spread of specific clones
in different countries shows a geographical area-dependent
epidemiology, owing either to pre-existing methicillin-sensi-
tive S. aureus (MSSA) strains that have acquire the mec
determinants, or to the successful spread of MRSA clones.
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During the 1970s, the first reports of MRSA infections in
animals appeared, and, on the basis of their putative source,
these MRSA strains are referred to as livestock-associated
MRSA (LA-MRSA) [13]. For several years, it was supposed that
their evolution was a result of antibiotic use in animals, and
their impact on humans was not investigated. Today, increasing
numbers of reports are being published on outbreaks in com-
panion and livestock animals, as well as in humans who are in
close contact with these [14]. The question posed by Morgan,
‘zoonosis or humanosis’, reflects the complex epidemiology of
MRSA strains isolated from animals and their impact on
humans [15]. Questions still remain regarding whether animals
or humans represent the reservoirs of MRSA with the poten-
tial to cause outbreaks under certain conditions.
In the present article, we have reviewed the literature con-
cerning the epidemiology of MRSA in companion animals such
as cats, dogs, other pets, marine mammals, and horses, and in
livestock, including animals of the human food chain, such as
chickens, pigs, sheep, and cows. This epidemiology is corre-
lated with humans who are in close contact with the aforemen-
tioned animals, i.e. owners, farmers, and veterinary personnel.
MRSA Among Companion Animals
MRSA in pets
The first outbreak among humans that had its origin in pets
was described in 1988, caused by a cat in a geriatric ward,
where close contact of patients with the colonized pet led
to re-infections [16]. The first description of MRSA in a dog
was reported in 1994 [17]. Since then, several investigators
have reported MRSA spread among pets, household con-
tacts, and veterinary personnel [14,18,19]. In most cases, the
MRSA were of human origin, and this was proved by MLST
and SCCmec typing of strains isolated from healthy and
infected pets. In Australia, the MRSA belonged to the HA-
MRSA clone ST239-III, whereas the detection of SCCmec IV
in coagulase-negative staphylococci suggested continuous
evolution of staphylococcal clones in the animal setting [20].
Similar data were obtained in France, with the identification
of clones of human origin among pets; however, three of 23
animals carried LA-MRSA CC398 [21].
The carriage of toxin genes has differed among studies,
with MRSA carrying the Panton–Valentine leukocidin (PVL)
genes being recovered from pets and humans [15,22], and, in
Germany, MRSA from pets being PVL-negative and belonging
to the HA-MRSA clone ST22-IV [23].
In a review on antimicrobial use in dogs and cats, it was
reported that broad-spectrum agents and other pharmaceuti-
cal components accounted for 36.5% of animal health sales
in the EU during 2002, determining the rate of resistance
development and spread of pathogenic bacteria, including
MRSA [19]. The inappropriate use of antibiotics was attribut-
able to the fact that isolation, identification and susceptibility
tests were performed rarely in pets [19]. Multiresistant iso-
lates were identified in pets, suggesting the need for continu-
ous surveillance among animals [24–27].
All studies on MRSA colonization or infection among pets
have shown that both human-to-animal and animal-to-human
transmission occur, and that environmental sources in veteri-
nary clinics, veterinary staff and other hospitalized animals play
a crucial role [26,28–31]. Significant risk factors for MRSA
infection among companion animals are previous antibiotic
treatment, number of antimicrobial courses, number of hospi-
talization days, implant devices, surgical interventions and con-
tact with humans who have been previously hospitalized
[15,20,25,26]. These factors are similar to those defining
HA-MRSA infections in humans [4,5,9,10]. Search and destroy
strategies that lead to the prevention of MRSA transmission,
focusing on the eradication of carriage, can be applied [29].
The problem with most investigations was that pets tested
for the presence of MRSA were already infected and unsuc-
cessfully treated before samples were taken. Additionally, dif-
ferences in the protocols that were applied for MRSA
carriage (number of collected samples and enrichment proto-
cols) may be responsible for an underestimation of the true
percentage of MRSA-positive pets.
MRSA in horses
The first outbreak among horses was reported in a veteri-
nary hospital in Michigan [32]. To date, several investigators
have detected the presence of MRSA among horses in Eur-
ope, America, and Asia, with slight differences in prevalence
being found [14,15,33–37]. In most equine cases of MRSA
carriage or infection, the characterized clones were different
from those recovered from pets or humans, identifying
strains of CC8 where sequence types formerly associated
with human HA-MRSA infections are included [33,34,37,38].
In central Europe, besides CA-MRSA clones ST1 and ST254,
which belong to CC8, LA-MRSA clone ST398 was identified
in horses [39–41]. In a study conducted in the Greater Lon-
don area among companion animals, only three of 152
horses were MRSA-positive, and the strains belonged to
HA-MRSA clones CC22 and CC8/ST239 and LA-MRSA
clone ST398 [35]. In Germany, a switch from human-asso-
ciated S. aureus clones to pig farm-origin clone ST398 was
reported during 2006 [42]. This change in equine MRSA clo-
nal distribution was also observed in Switzerland in a study
including 70 S. aureus strains collected from 2005 to 2011,
where ST398 emerged during 2007 [43]. Risk factors for
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MRSA infections among horses were topical antimicrobial
therapy, systemic glucocorticoid use, and one visit by a vet-
erinary surgeon [35]. These results emphasize the fact that
the increase in equine MRSA infection or colonization is
associated with antibiotic treatment, immunosuppression,
and hospitalization.
MRSA in marine mammals
Few studies have investigated MRSA among marine mammals.
In the study of O’Mahony et al. [33], MRSA was isolated from
one seal post-mortem after treatment, and pulsed-field gel
electrophoresis (PFGE) showed 71% similarity with strains of
human origin. Faires et al. [44] have reported an infection con-
trol practice after the death of a dolphin from pneumonia
caused by MRSA belonging to the Canadian epidemic HA-
MRSA clone (USA100). All marine mammals and park person-
nel were tested for MRSA carriage, and three strains were
recovered from dolphins and a walrus, whereas the personnel
were negative [44]. This study showed the possibility of
waterborne transmission, transient colonization of the mam-
mals, and the need to apply infection control measures.
MRSA transmission from companion animals to humans
and vice versa
Pets are able to exchange resistant pathogens with humans, as
shown by epidemiological studies performed in different
countries. In the UK, where MRSA carriage was investigated
among pets, staff, and environmental surfaces, PFGE revealed
the spread of EMRSA-15, which is the HA-MRSA clone in the
UK [45]. The same HA-MRSA clone was identified in a study
conducted in Ireland in veterinary clinics throughout the
country, where MRSA was recovered from pets and staff
[33]. HA-MRSA clone ST5-II was identified in dogs and hospi-
talized humans in Korea, reinforcing the fact that human-to-
animal transmission and animal-to-human transmission occur
[46]. The same clone, related to USA100, which is of hospital
origin and causes community-associated infections in Canada,
was identified among dogs, cats, and humans [31].
Besides clonality, the exchange of toxinogenic strains is
important. This has been shown by the identification of en-
terotoxinogenic S. aureus isolates among pets and humans
[47,48], and this might also be correlated with the spread of
CCs with a certain toxinogenic profile [49]. In an ongoing
study in Greece, nine MRSA strains were identified from 29
pets and five owners; five of these strains were PVL-positive
and belonged to ST80, the CA-MRSA clone that has spread
in Greece (E. Drougka, A. Foka, R. Farmaki, C. Koutinas, E.
D. Anastassiou, I. Spiliopoulou, unpublished data).
Veterinary staff in equine hospitals are colonized or
infected by strains of animal origin that are not related to
the human lineages in the same regions [18,33]. Most
reports have shown that MRSA strains from horses and
humans in close contact differ from those spread in the
human population or pets. In Canada, a CA-MRSA clone has
been isolated from horses (ST8-IV), and has become well
adapted to the animal setting [50]. In central Europe, LA-
MRSA ST398 has emerged since 2006 in equines, and horse-
to-human transmission has also been reported in The Neth-
erlands [42,51].
Differences in the prevalence of MRSA colonization or infec-
tion among companion animals and humans may reflect differ-
ences in the duration of close contact, the humans’ MRSA
epidemiology, the timing of sample collection from animals
(previous antibiotic therapy), and the protocols applied to
search for carriage (sites tested and enrichment protocols).
The majority of studied MRSA isolates recovered from pets
belonged to clones causing human infections, and followed the
epidemiology of the particular geographical area. Veterinary
staff carried isolates related to the animal species attended by
them [34]. According to these epidemiological findings, and tak-
ing into account the use of antibiotics in veterinary medicine,
the application of preventive strategies is of great importance.
MRSA Among Food-chain Animals
LA-MRSA
The first report of MRSA in farm animals was published in
the early 1970s, when the bacteria were isolated from the
milk of dairy cows with mastitis in Belgium [52,53]. Recent
reports of MRSA in livestock, particularly pigs, and in individ-
uals with contact with livestock provided the first evidence
of the existence of an LA-MRSA reservoir throughout
Europe [54,55]. Since then, LA-MRSA has been identified in
Canada, the USA, China, Malaysia, and Korea [56–62].
LA-MRSA strains have important genotypic and phenotypic
characteristics (reviewed in [63]: (i) they are non-typeable by
PFGE using SmaI [64]; (ii) many of them belong to CC398 by
MLST; (iii) SCCmec elements are different from those car-
ried by other MRSA genotypes commonly found in the com-
munity and healthcare settings [7]; (iv) they often exhibit co-
resistance to many non-b-lactam antimicrobials (e.g. antibiot-
ics and metals), including those commonly used in animal
production [65]; and (v) the majority of isolates lack toxins
such as PVL and other enterotoxins [66]. MLST showed that
LA-MRSA strains from Europe and North America belong to
CC398, whereas the vast majority of LA-MRSA strains from
Asia belong to CC9 [54–62].
Potential risk factors for LA-MRSA prevalence are antibi-
otic treatment, the duration of the treatment, and farm
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hygiene [67]. Previously, Graveland et al. [68] showed that
farm animals carrying MRSA are more often treated with
antibiotics. This is the strongest evidence to date of a direct
relationship between antibiotic use in animals and the trans-
fer of antimicrobial-resistant organisms to humans. In the
same study, people in close contact with farm animals had a
highly elevated risk of MRSA carriage. Few studies have
investigated risk factors for the occurrence of LA-MRSA in
humans. A high level of animal-to-human transmission of LA-
MRSA has been reported in pig farming [69]. In these stud-
ies, a large difference in MRSA prevalence was observed
between the farmer and family members, which is indicative
of a comparable role for intensive animal contact as a risk
factor for LA-MRSA occurrence [70,71].
MRSA in pigs
The first cases of MRSA in pigs were reported from The
Netherlands in 2005 [55]. It appears that pigs normally dis-
play no symptoms of illness. Instead, with MRSA in their
noses, on their skin, and probably in their intestines, they
act as an army of carriers. Airborne MRSA colonization
occurred at slaughter and inside pig sheds [72]. Soon after
the isolation of MRSA in Dutch pigs, rapid dissemination
occurred among pigs in countries other than The Nether-
lands [73,74]. One explanation for this spread is that, in
addition to producing large quantities of pork and bacon for
export, The Netherlands is also Europe’s largest exporter of
live pigs. Young Dutch pigs are exported to Italy, Spain,
Belgium, Hungary, Croatia, Romania, and Poland, but not to
the UK. About 3 000 000 Dutch pigs are exported to
Germany each year, but most of these go directly to be
slaughtered.
Various studies have revealed the presence of LA-MRSA
in pigs in Germany, France, and Belgium [75,76]. There is
also a significant MRSA problem with pigs in Canada and the
USA [56,77]. In Europe and North America, LA-MRSA
belongs predominantly to CC398, whereas in Asia a novel
LA-MRSA clone, ST9, seems to be dominant in pigs [58].
Recently, in a study conducted in Peru, 13% of pigs had
MRSA; 93% of these isolates corresponded to LA-MRSA
CC398, 4% to CA-MRSA CC30-V, and one to CC1 [78]. In
2009, a new LA-MRSA type, ST49, was detected in slaughter
pigs in Switzerland [79]. In addition, in a study from northern
Spain, Go´mez-Sanz et al. [80] showed that slaughter pigs
were frequently colonized by LA-MRSA CC398; moreover,
strains belonging to CA-MRSA CC97 were detected. The
identification of new clones underlines the fact that other
new lineages are also able to spread in livestock, and empha-
sizes the need to establish effective hygiene measures to sup-
press the spread of these pathogens into the community.
MRSA in cattle
The first report of MRSA in farm animals was published in
the early 1970s, when the bacteria were isolated from the
milk of dairy cows with mastitis in Belgium [52,53]. In the
past few years, MRSA has been isolated from cows (or their
milk) in Korea, Hungary, Mexico, and The Netherlands [81–
84]. There have also been numerous reports of MRSA from
cows or their milk in Brazil, Italy, Pakistan, Nigeria, Turkey,
and the USA [85–89].
Subsequently, several reports have described bovine udder
infections caused by LA-MRSA ST398 [90]. Recently, another
group of LA-MRSA strains was discovered in humans and
dairy cattle in Europe. This group includes a number of
S. aureus lineages (CC130, ST425, and CC1943) that were
hitherto thought to be bovine-specific, but are now also
found as carriage or clinical isolates in humans [91]. The
emergence of MRSA in dairy cattle may be associated with
contact with other host species, as in the case of LA-MRSA
ST398, or with the exchange of genetic material between
S. aureus and coagulase-negative staphylococci, which are the
most common species associated with bovine intramammary
infections and commonly carry antimicrobial resistance
determinants. A new mec determinant, mecALGA251, sharing
70% homology with mecA, was recently identified among
MRSA strains recovered from cattle and humans [92]. This
finding confirms the continuous evolution of S. aureus strains
in the animal and human settings.
MRSA in sheep
Very few studies have reported the prevalence of MRSA in
sheep. Overall antibiotic use tends to be much lower in
sheep than in pigs, poultry, or dairy cows, which may result
in a low prevalence of MRSA [93]. However, antibiotics are
likely to be used in greater quantities in herds of dairy sheep,
particularly for the treatment or prevention of mastitis, and
in some flocks lambed indoors, where they are used rou-
tinely in young lambs to prevent both Escherichia coli infec-
tions and navel ill. A Spanish study examined 38 S. aureus
isolates taken from dairy sheep flocks, and found that one
isolate showed methicillin resistance. However, the bacteria
were not tested for the presence of mecA [94]. Meat sam-
ples from sheep were also tested in the Jordanian study. Of
717 samples collected in the Amman area, six (0.8%) were
positive for MRSA [95].
MRSA in chicken meat
The finding in a chicken farm of an MRSA isolate that was
apparently the same as the MRSA isolate previously found in
pig farms in The Netherlands gave a new perspective on a
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report, published in November 2006, of a serious LA-MRSA
ST398 infection in a Dutch woman [96]. This case concerned
a 63-year-old woman who developed a life-threatening heart
infection, endocarditis. Although the Dutch authorities have
recognized that pig farmers, abattoir workers and veterinari-
ans are at high risk of acquiring ST398, she was not in any of
these risk groups. However, she and her husband did have a
chicken farm and lived close to a pig farm [96].
Several studies have found MRSA in retail chicken meat. In
a study conducted in Korea, 930 foodstuff samples were col-
lected, and four strains of the CA-MRSA ST5 human clone
were identified [46]. Host adaptation of ST5 from humans to
chickens was associated with a loss of genes contributing to
human pathogenesis, and this was followed by the acquisition
of avian-specific virulence determinants [97,98]. Although the
route of MRSA transmission from humans to foodstuffs is
not clear, there is always the possibility of the emergence of
toxinogenic and multiresistant strains. Whether this poses a
health problem needs further investigation.
MRSA transmission from farm animals to humans
The ways by which animal MRSA can be transmitted to
humans are direct contact with the animals, environmental
contamination, and eating or handling contaminated meat. As
when MRSA spreads between humans, direct contact is an
important way by which animal MRSA can be transmitted. As
a result, those who have direct contact with farm animals car-
rying LA-MRSA have the highest risk of acquiring farm animal
MRSA. A previous study showed that c. 50% of humans living
on Dutch pig farms were carriers, and some developed seri-
ous infections [99]. MRSA can also be transmitted between
cattle and farmers, and between chickens and farmers. Veteri-
narians are also at risk if the animals that they are handling are
infected with MRSA [100]. With regard to humans in contact
with farm animals, Voss et al. [55] reported in 2005 that
Dutch pig farmers were at a 760-fold risk of being colonized
with LA-MRSA as compared with the general Dutch popula-
tion. In an international study, Wulf et al. [101] found MRSA
in 12.5% of veterinarians originating from all over the world.
In Switzerland, the MRSA prevalence in veterinarians was 3%
in 2009 [102]. These studies strongly suggest that people
working with livestock are at potential risk of becoming MRSA
carriers, and hence have an increased risk of suffering infec-
tions caused by MRSA. Recently, the results of Price et al.
[103] strongly suggested that LA-MRSA CC398 originated in
humans as MSSA. The lineage appears to have undergone
rapid radiation in conjunction with the jump from humans to
livestock, where it subsequently acquired tetracycline and
methicillin resistance. The first outbreak of LA-MRSA ST398
was reported in a Dutch hospital; none of the patients had
had contact with pigs or veal calves [104]. This finding indi-
cates possible transmission from humans to humans. van Cleef
et al. [105] reported a low proportion of ST398 among MRSA
isolates from humans (1.17%) in eight of 15 European coun-
tries, and this was correlated with pig density. In Germany, in
regions with a high density of pig farming, where 25% of
patients admitted to a hospital were colonized with LA-MRSA,
only 7% had infection with the same clonal type, and it was
also shown that the CC398 lineage lacks virulence factors
[106]. Furthermore, the demographic data differed between
patients with HA-MRSA and LA-MRSA, influencing the risk of
infection [106]. In a survey of invasive S. aureus infections con-
ducted among 26 European countries, during a 6-month per-
iod, a total of 2890 isolates were studied [107]. LA-MRSA
ST398 constituted only 0.4% of the sample, and all were
MSSA, reinforcing the idea that strains of this lineage are not
frequent causes of systematic infections [107].
MRSA in meat
MRSA has been found in meat from pigs, cattle, chickens, and
sheep [81,95]. However, the percentage of MRSA in meat var-
ies from study to study [108–110]. The majority of these
MRSA isolates belong to LA-MRSA CC398, and a few belong
to CA-MRSA CC30 and LA-MRSA ST692 [78,111,112].
Recently, Ogata et al. [113] showed that commercially distrib-
uted meat could play a role in the prevalence of CA-MRSA in
the community. The European Food Safety Authority has pub-
lished an opinion on the public health significance of MRSA in
animals and foods. The European Food Safety Authority’s
Panel on Biological Hazards (BIOHAZ) found that, although
food may be contaminated by MRSA, there is currently no evi-
dence that eating or handling contaminated food leads to an
increased risk of humans becoming healthy carriers or
infected with this bacterium. The Panel also concluded that
where MRSA prevalence in food-producing animals is high,
people in contact with live animals, especially farmers, veteri-
narians, and their families, are at greater risk than the general
population. In addition, according to the BIOHAZ data, there
is no evidence to date that humans can become infected with
LA-MRSA CC398 from eating contaminated food, and neither
is there evidence that this strain has caused food poisoning.
Conclusions
MRSA remains a significant public health problem, even
though, in several countries, with the paradigm of the Scandi-
navian and The Netherlands, successful infection control mea-
sures have been applied. The spread of MRSA among
companion and food-chain animals has not been completely
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investigated, for several reasons: the details of animal MRSA
carriage are not completely known, and different rates have
been published, reflecting transient carriage, a diversity of
applied protocols, and the variation in MRSA epidemiology
between countries. It is of great importance that multiresis-
tant isolates have been identified in animals, where, several
times, antibiotics have been supplied as growth factors and for
treatment of infections without prior culture and antibiotic
susceptibility testing. This makes the animals an ideal reservoir
of multiresistant strains. In parallel, the close contact of com-
panion and food animals with humans has made epidemiologi-
cal studies challenging with regard to interpretation of the
obtained results: among companion animals, it seems that
mainly human HA-MRSA and CA-MRSA clones are spread,
including from veterinary staff. The identified clones depend
on the epidemiology of the specific geographical region. From
livestock animals, new clones and new mec variants have
emerged that have colonized or infected humans in close con-
tact, farmers, and veterinarians. So far, LA-MRSA ST398 has
constituted a low proportion of MRSA infections in humans,
suggesting that it is a cause of less severe disease. Even though
LA-MRSA seems to be less virulent, an additional threat is the
capacity of S. aureus for toxin carriage and acquisition of new
genes after adaptation to the environment and host.
With these new data, efforts should be made to charac-
terize animal MRSA hosts and possible reservoirs, as well as
humans at risk. The implementation of infection control mea-
sures in veterinary hospitals and clinics, as well as in farms
and parks, is necessary in order to reduce the spread of
MRSA, a well-established bacterium.
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